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Studies of Human Lead Metabslism
by Use of Stable Isotope Tracers

by M. Rabinowitz,”

G. W. Wetherill,” and 1. D. Kopple

Dynamics of lead metabolism were studied by replacement of a portion of the dietary
lead with stable isotope tracers, and maintaining subjects on controlled diets for about
6 months. Results for one subject have been previonsly reported. Preliminary data are
now available for a second subject.

Although the data on the two subjects are basically similar, there are alsc significant
differences. The two subjects have different blood lead concentrations (0.25 and 0.18
ug/g). Both subjects received the same dietary and simifar atmospheric lead exposure,
and the lead concentration of their blood was shown to be nearly in a steady state. The
difference in blood lead concentration appears primarily attributable to differences in the
fraction of lead absorbed from the gut, although there are also differences in other
physiological parameters, as well as probable small differences in their intake of at-
mospheric lead.

The quantity of lead absorbed from a typical urban atmosphere (Pb concentratien
= 1-2 ug/m") has been shown by our isotopic data and balance studies to be 15+3
pg/day. Measurement of the contribution of atmoespheric lead to the lead intake of the
second subject was alse carried out by removal of lead from the atmosphere. Decline in
the bloed concentration of lead of normal isotopic composition was shown to be equiva-
lent to the removal of 15 g/day.

Measurements made during the course of a day show complexities in the absorption

and distribution of ead, which are averaged out on a time scale of ca. 5 days.

Introduction

In two earlier publications (1, 2) we have
described an experiment in which the kinet-
ics of human lead metabolism were stud-
ied by using stable lead isotope (**Pb and
2?Ph) tracers. In that work, a normal,
healthy man (Subject A) ate a constant
low lead diet (156 pg/day) in a metabolic
unit. For 104 days this diet was supple-
mented with **Pb nitrate to restore his
dietary intake to 361 .g/day, his prestudy
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between the two subjects in their absorp-
tion of lead as nitrate, the form in which
the **Pb was administered with the meals.

intake, thereby maintaining a steady state.
Subsequent removal of the 2*#Pb and main-
tenance of the steady state by substitu-
tion of Pb permitted measurement of en-
dogenous fecal excretion of lead. Finally,
the isotopic supplements were removed from
the diet, in order to observe if homeostatie
mechanisms tended to maintain a constant
blood lead concentration despite the change
in lead intake.

Mass spectrometric isotope dilution was
used to determine the concentration and
isotopic composition of lead in the diet, feces,
blood, urine, facial hair, and the atmosphere,
as well as in two samples of bile and gastric
secretions, one sample of sweat, and 2
sample of iliac bone obtained by biopsy.
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ditional measurement of his gastrointestinal
absorption for the half of his dietary lead
provided from natural food. Experiments



The experimental data were analyzed by
use of a three-compartment model. A sche-
matic representation of this model is shown
in Figure 1, together with the rates of
trangfer of lead hetween the compartments

i I

are also being carried out to measure the
absorption factor of Subject B for isotopi-
cally labeled lead in different chemical
forms.

Direct measurement of the absorption of
natural food lead in Subject A, limited in
accuracy by the difieulties described earlier,
suggest that the absorption of this lead may
be as high as 10% % for this subject. How-
ever, the uncertainties in this measurement
do not exclude it being the same as the
absorption factor of 8.3% for **Pb nitrate.

Differences in gastrointestinal absorp-
. tion factors are not the only possible cause
of differences in the blood lead conceniration.
This may be seen most easily by considera-
tion of the steady state blood concentrations
in a simplified version of model shown in
Figure 1, in which compartments 1 and 2
are combined to form a single time-depen-
dent compartment. This is a satisfactory
approximation for description of the blood
lead concentrations because if only the blood
lead data are considered, parameters can he
found which fit the data of the simplified
model as well as other parameters fit the

more general model. The more general model

is introduced primarily to include the time
dependence of lead in other fluids and tis-
sues, i.e., bile and hair.

These “combined compartment” parame-
ters which fit the blood data of the two
subjects are given in Table 1. A steady state
is reached when the external input from
the diet and atmosphere equals the output:

A+B=CQkx (1)
where A and B are the absorbed dietary and

atmospheric contributions, respectively, )

is the steady-state blood lead concentration,
Q is the mass of the compartment, k is the
ratio of the mean concentration in the com-

length of the experiment was long com-
pared to the half-life characteristic of the
blood’s response to changes in exposure (ca.
80 days, as determined by these experi-

ments). It is conceivable that exposure to
1.1 de VavenTa af 1nad anwlian in thoa lifo nf ﬂ"]f-\

partment to that of the blood, and A is the
rate constant for loss of lead from the com-
partment. The steady-state blood lead con-
centration will be

wn

The difference in absorption for the two
subjects causes the difference in the con-
tributions of dietary lead shown in Table 1.
However it should also be noted that there
are other physiological differences in fthe
two subjects as indicated by the differences
in @/ and A. The product of @k and A is nearly
the same for the two subjects, causing the
effect of these differences on C, to be small.
If this product of about 225 g/day is
actually constant from one subject to another,
this will prove significant in understanding
the mechanisms of lead metabolism. However
it would be premature to generalize on the
basis of only two individuals.

Substitution of the parameters in Table 1
into eq. (2) yield steady-state blood con-
centrations about 10-15% lower than
those observed. The probable reason for
this is that eqs, (1) and (2) do not pro-
perly take into consideration the steady-
state contribution of deeper compartments,
such as the skeletion, when parameters are
used which are based on data for an experi-
ment of short duration compared to the
time scale of these deeper compartments. The
effect of these deeper compartments can be
accounted for by adding 7 and 5 pg/day
to the values of (A+B) for Subjects A and
B, respectively, which then brings the ob-
served and caleulated steady-state blood lead
concentrations into agreement. These are
reasonable values for the contribution from
the deeper compartments based on all the
data measured for these subjects. It is also

C];:

Table 1. Combined compartment parameters.

Absorbed
Blood Gut diet lead Air lead
) lead, absorption, (A), (B), Qk, L
Subject HE/E % pg/day ug/day ke days
A 0.26 9.0 33 15 7.9 0.029
B 0.18 6.3 23 15 11.5 0.020




possible that differences of a few micrograms
per day in the contribution of atmospheric
lead may be important in this regard.

The Contribution of Atmospheric Lead

In our earlier work, the contribution of
atmospheric lead to the total daily lead in-
take of Subject A was measured in two
ways: from the failure of the blood lead to
become completely labeled during the course
of the experiment, and from the lead ba-
lance data. These results are shown in the
first two columns of Table 2. These values
are in satizsfactory agreement with those
estimated from the product of the observed
atmospheric concentration on respiratory
absorption factors of lead from aerosols,
~40% based on earlier studies (5,6), and an
estimafe of the volume of air respired (20
m®/day). This value is given in the third
column of Table 2. Of course this estimate
is very erude, as it does not take into ac-
count possible differences in the respired
volume of the two subjects or the amount
of time they spent in environments of some-
what different lead concentrations—their
sleeping quarters, other rooms in the meta-
bolic unit, and the grounds outside the
building. In the first subject the caleulation
of the atmospheric contribution of lead de-
pended on the assumption that long-lived
internal sources of lead, principally the skele-
ton, were in a steady state. Although this
assumption seems plausible, it was not de-
monstrated. This difficulty has been avoided
in the case of the second subject by mea-
suring the atmospheric contribution more
directly. This was done by installation of
an air-filtering systemn which removed lead
aerosols from the atmosphere after day 109,

In this way the measured concentration of
atmospheric lead in the room was reduced
to 0.07 ug/m? At the same time, the sub-
ject’s diet was supplemented with ?*"Pb in
addition to the 2¢Pb supplement received
throughout the experiment. The quantity of
207Ph (185 pg/day) was so chosen that the
fraction of 27Pb absorbed into the blood
would approximate that removed from the
atmosphere, thereby maintaining the blood
lead nearly constant.

Because these experiments have shown
that the blood lead responds proportionately
to variations in intake of lead, this precau-
tion was not aetually necessary. In any case,
the 2'Ph served as a useful calibration of
the response of blood lead to changes in the
input of lead.

The results of this experiment are shown
in Figure 2. Prior to day 109, the total blood
lead was essentially in a steady state. The
component of the blood lead of normal is-
otopic composition was declining slightly
with time because the **Pb coneentration
of the blood had not yet quite reached its
steady-state value. On day 109 the atmos-
pheric lead was removed by the filtering
system, and the 20'Pb supplement initiated.
The concentration of lead of normal iso-
topic composition in the blood immediately
began to drop, while that of **Pb began to
rise. The *"Pb was continued for 15 days.
Comparison of the measured rise in 2*’Pb con-
centration with the decline in normal lead
concentration, together with the known in-
put of 2¥Phb (11.5 pg/day) leads to the con-
clusion that the contribution of atmospherie
lead to this subject was 15+3 pg/day. This
value is shown in the last column of Table
2. Again it is seen that this result is in

Tahle 2. Atmospheric lead input.

Atmogpheric lead input, ug/day

By By By
blood By calculated Tesponse
isotopic lead lung to filtered
Subject data halance deposition air
A 13 17 16
B <22 17 16 15

* Actual value available upon completion of experiment.
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Ficurr 2. Measured concentrations of total lead,
lead of normal isotopic composition, and *Pb in
the blood of Subject B between day B0 and day
131 of the experiment. The removal of lead from
the respired air on day 109 causes the concentra-
tion of normal lead to decrease following that date.
The additional removal of the isotopic supplements
on day 124 causes the total blocd lead concentra-
tion to drep.

agreement with those obtained from the
balance data and that estimated from the
air lead concentrations. The subject has now
been returned to an environment in which he
is exposed to a more normal exposure to at-
mospheric lead. The anticipated increase in
the concentration of normal lead in his
blood will permit an additional measure-
ment of the contribotion of the atmospheric
source. More extensive sampling of the air
in his environment, making use of four air
samplers deployed in the several areas
which he occupies are being used accurately
to document his atmospheric exposure. A
final value for the quantity given in the first
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column must await completion of the ex-
periment, and complete evaluation of such
factors as exogeneous fecal excretion. How-
ever the data obtained so far allow an upper
limit of 22 ug/day to be placed on the at-
mospheric contribution, and it is plausible
that the final value will be in agreement
with the other data.

After day 124, both the ?**Pb and **Ph
supplements were discontinued, reducing
the total lead intake to about 1/3 of that
maintained throughout the experiment. The
total lead concentration dropped abruptly,
in agreement with the observation on the
first subject that.there appears to be no
tendency for the blood lead concentration
to be maintained at a constant value when
the intake varies. -

Therefore, the data for both subjects shows
that ca. 15 ug/day is received by the body
from the atmosphere, and this quantity is
similar to, although somewhat less than, that
obtained from the diet.

Short-Time Response of the Blood
and the Urine

In the earlier treatment of our data, we
have emphasized the changes in lead con-
centration which take place on time scales
of weeks and months. On this time scale
the blood lead concentrations increase and
decrease smoothly, and the isotopic composi-
tion of the urine follows that of the blood
very closely. These results, while correct,
represent a simplification of what is actually
occurring. The long time required for the
concentration of lead in the blood to change
is a consequence of the fact that a rela-
tively large quantity (ca. 1 mg) of lead is
in the red cells (7) as well as a similar
quantity in tissues and fluids which ex-
change rapidly with the red cells (1). At
a typical rate of about 50 .g/day, about
40 days are required to exchange this mass
of lead.

On the other hand, the quantity of lead in
the plasma is only about 100 ng. Replace-
ment of this pool can oecur much more rapid-
ly as a consequence of the smaller size of the
pool and its rapid rate of exchange with
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much larger pools of lead. Therefore, the
concentration of lead in plasma can respond
to changes in input in minutes or hours,
in contrast to the days or weeks required
to effect a similar change in the concentra-
tion in the red cells or the whole blood.
Because the mechanism for excretion of lead
in the urine involves its separation from the
plasma, rather than from whole blood, it
may also be expected fhat the urine lead
concentration will also be rapidly responsive
to changes in lead input.

Previous human kinetic studies (5, 6) in
the normal range of blood lead concentra-
tions involved use of radioactive 2*Pb (half-
life = 10.6 hr). These studies emphasized
lead kineties in plasma and urine, because
the radioactive isotope tracer decayed long
before the red cells reached their steady state.

We are planning experiments with stable
isotope tracers to study these short-term
effects. The purpose of these experiments
is to provide a link between our work and
the earlier studies with 22Pb and to ex-
tend the study of short-term effects into the
intermediate time scale of a few days, ie,
the time required for ingested material to
pass through the alimentary tract.

Table 3. Lead in blood fractions & hr after ingestion
of ™Pb tracer.

“*“Pb Normal
tracer, lead,
Fraction ng/g nglg
Plasma 0.032 0.040
Red cells 0.49 0.35
(light 1/3, young)
Red cells 0.43 0.38

{heavy 1/3, old)

Some of these experiments have now been
carried out on Subject B. Table 3 shows the
distribution of lead between red cells and
plasma on the first day that the **Pb supple-
ment was added. On this day, the total
daily intake of **Pb was taken with break-
fast as opposed to the routine procedure
of ingesting a fraction of it with each
meal. Blood was drawn for lead analysis
6 hr after ingestion. The concentration of
lead of normal isotopic composition in red
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cells and plasma differed by a factor of
about 10. A larger ratio is found for the
20¢Ph. This suggests that 2“Pb can be rapidly
transferred from the plasma into the red
cells, but that there is a delay in its re-
turn to the plasma. In addition, the red cells
were separated into three density fractions,
following the procedure of Perry et al. (8).
These workers showed that the density frac-
tions contained cells of different age, the
yvoungest being the least dense. If our re-
petition of their procedure for centrifuging
the blood was successful in reproducing
this separation, our data show that the lead
is concentrated in both the young and old
cells within 6 hr of ingestion. This is in
marked contrast to the results found by
Perry et al. for iron, which was concentrated
only in the newly formed young cells. We
are continuing this work, including verifica-
tion that the separation into young and old
cells has actually been achieved.

A subsequent similar experiment carried
out on day 174 again showed no difference
in lead isotopic composition between the
light and heavy red cell fractions. In this
case, hematological examination showed that
reticulocytes were enriched by a factor of
4 in the light fraection. This experiment
showed that the young cells, formed after
#¢Ph had been removed from the diet, nev-
ertheless incorporated an equilibrium eon-
centration of ?*Pb,

The excretion of 2**Pb in the urine on the
same day is shown in Figure 3. It is seen
that a significant fraction of the lead is passed
rapidly from the alimentary tract into
plasma and then into urine. The rapid drop
in the rate of excretion represents depletion
of ?#Pb in the plasma on a similar time
scale. During the initial 24-hr period only
0.3% of the ingested ***Ph was excreted in
the urine. Thus, the decay in the plasma
concentration was not caused by urinary
excretion, but by fransfer of 2‘Pb to other
fluids and tissues, including the red cells.

These results are in general agreement
with those found by previous workers using
radioactive #*Pb, although there may be
significant differences. For example, the uri-
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EXCRETION RATE (ng/hr)
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F1eURE 3. Urinary exeretion rate of *™*Pb following
the first ingestion of this isotopic tracer on day 1.

e T

nary excretion during the first 24 hr is only
1/8 the lowest value found by Hursh and
Suomela for ingested lead (9).

If we confine our considerations to our
own data on Subject B there are also some
unresolved problems. From the data in Tables
1 and 3 it may be calculated that after
8 hr, the quantity of **Pb in compartment
@ was 2.6 gg. On the other hand, our ab-
sorption data show that 11.6 pg of the 185
ug of *+Pb should be absorbed. It is possible
that the remainder has not yet been ab-
sorbed, and the initial “pulse” of absorp-
tion occurring shortly after ingestion will
be followed by further absorption from the
alimentary tract. On the other hand, it is
also possible that the lead has temporarily
“disappeared” into some portion of Q ex-
ternal to the blood and will be returned
to the blood sometime during the next day
or two. If this is the case, a model suitable
for analysis of lead kinetics on this short
time scale will require that @ be divided
not simply into plasma plus the remainder
of the compartment. It will also be neces-
sary to distinguish between the red cells
and that portion of @ external to the blood.

Measurements in progress will extend
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these studies to include the full time re-
quired for the ingested iead to pass through
the gut. In addition, comparitmental model-
ing of these rapidly exchanging compart-
ments will be used to facilitate evaluation
of the short time scale variations of the lead
concentrations obtained as the blood, plasma,
and urine become progressively more labeled
with *Pb during the course of the experi-
ment.
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